Acute kidney injury (AKI) is a common and severe complication of cardiac surgery. There is no effective prevention or treatment. Sildenafil citrate (Revatio ® , Pfizer Inc.), a phosphodiesterase type 5 inhibitor, prevents post cardiac surgery AKI in pre-clinical studies, however its use is contraindicated in patients with symptomatic cardiovascular disease. The aim of this study is to assess the safety and pharmacokinetics of intravenous sildenafil in cardiac surgery patients.
WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Acute kidney injury (AKI) is a common complication of cardiac surgery. It increases mortality fourfold and there is no effective prevention or treatment.
• Sildenafil citrate, a phosphodiesterase type 5 inhibitor that has clinical efficacy in diseases characterized by endothelial dysfunction prevents post-cardiac surgery AKI in pre-clinical studies.
• Sildenafil is contraindicated in patients with severe symptomatic cardiovascular disease and intraoperative sildenafil administration has not been reported previously in cardiac surgery.
WHAT THIS STUDY ADDS
• The pharmacokinetics of sildenafil in cardiac surgery patients undergoing cardiopulmonary bypass were similar to those reported in other patient groups.
• Plasma levels that are known to have clinical efficacy in other conditions were well tolerated during and after cardiac surgery.
• These results support the further evaluation of sildenafil as a renoprotective intervention in cardiac surgery.
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TARGETS
Enzymes [2] GPCRs [4] Introduction Acute kidney injury occurs in up to one third of all patients following cardiac surgery [5, 6] . It is characterized by an acute decline in kidney function and results in significant increases in postoperative complications as well as an almost fourfold increase in the risk of postoperative death [5, 6] . Our understanding of the underlying processes is poor and recent systematic reviews [7, 8] have concluded that there is no effective treatment. Experimental studies have demonstrated that preservation of endogenous nitric oxide (NO) bioavailability is renoprotective in response to a variety of injurious stimuli [9, 10] . Endogenous NO activity is increased by administration of the phosphodiesterase (PDE) type 5 inhibitor sildenafil citrate. This is used clinically in the treatment of erectile dysfunction (Viagra ® , Pfizer) and more recently as an intravenous formulation (Revatio ® , Pfizer) for pulmonary hypertension and acute right ventricular failure [11, 12] . We have shown that sildenafil prevents post cardiopulmonary bypass (CPB) mediated acute kidney injury in a preclinical swine model [13, 14] . We suggest that the unmet need for effective renoprotective interventions, combined with these pre-clinical results, support the evaluation of sildenafil in clinical trials in cardiac surgery. However, sildenafil is contraindicated in patients with unstable cardiovascular disease [15] . Prior to conducting a safety and efficacy trial, we considered it necessary to first establish a dose of sildenafil that is tolerated by cardiac surgery patients and compare the pharmacokinetics of this dose to the effective dose identified in previous work. We therefore evaluated the pharmacokinetic profile, safety and tolerability of sildenafil in 36 patients undergoing cardiac surgery, in an open label, dose escalation Phase I study. In exploratory analyses the study also evaluated pharmacodynamic outcomes to inform the design of a subsequent randomized Phase IIb efficacy trial.
Methods
Design overview
The REVAKI-1 study was performed as a parallel, singlecentre, open label dose escalation trial to evaluate the clinical pharmacology of sildenafil and its primary metabolite desmethyl sildenafil in patients undergoing cardiac surgery. The primary aim of the trial was to identify a dose of sildenafil that; (i) could be safely administered to a high risk cardiac surgery population, and (ii) was potentially clinically effective. Dose escalation was performed sequentially to minimize potential risks. After each dose level, the safety profiles of 6 weeks follow-up were reviewed by an independent Data Safety and Monitoring Committee (DSMC) prior to progression to the next dose. The small sample size and necessary lack of randomization precluded useful assessment of efficacy and therefore the study was performed without placebo control. However, we conducted pre-specified pharmacodynamic analyses to assess the variance and feasibility of measuring likely outcomes of interest in a subsequent Phase II efficacy trial. The study protocol received ethical (13/SC/0131) and MHRA approval prior to initiation. The trial was registered at ClinicalTrials.gov (NCT02136329). The trial was sponsored by the University of Leicester and supported by Leicester Clinical Trials Unit.
Participants
Adult patients (≥18 years of age) undergoing cardiac surgery with moderately hypothermic CPB (32-34°C) and blood cardioplegia at the Glenfield Hospital in Leicester, who were identified as being at high risk of post-surgery AKI using a clinical risk score [5] , were screened to assess eligibility. The main exclusion criteria were patients in emergency or salvage procedures, patients with ejection fraction of less than 30%, or CKD Stage 5, defined as eGFR < 15 ml min À1 , or renal replacement therapy. The screening procedure was performed when patients were listed for surgery. Informed consent was obtained on the day of admission.
Intervention
The active study drug, Revatio ® , is the citrate salt of sildenafil, a selective PDE5 inhibitor manufactured under Good Manufacturing Practice (EU-GMP) by Pfizer Inc., Surrey, UK. The medication was supplied in single use glass vials and as a clear, colourless, sterile, ready-to-use solution containing 10 mg (12.5 ml) of sildenafil. Each ml of solution contained 1.124 mg sildenafil citrate, 50.5 mg dextrose and water for injection. Eligible patients who consented to participate were consecutively allocated to the following groups:
1. Sildenafil 2.5 mg bolus over 10 min 2. Sildenafil 2.5 mg bolus over 10 min + 2.5 mg continuous infusion over 2 h 3. Sildenafil 5.0 mg bolus over 10 min 4. Sildenafil 5.0 mg bolus over 10 min + 2.5 mg continuous infusion over 2 h 5. Sildenafil 10.0 mg bolus over 10 min 6. Sildenafil 10.0 mg bolus over 10 min + 2.5 mg continuous infusion over 2 h
The bolus was started just prior to commencement of CPB. The infusion volume of the bolus dose was kept constant for all dose levels.
Clinical management of study subjects 
Research procedures
Blood samples for pharmacokinetic analysis were drawn 15, 30, 45 min, 2, 4, 6, 12, 24 and 48 h after start of the intervention. Plasma was separated and stored at À80°C until transported to a central analytical facility (Covance Laboratories, Harrogate, UK) for measurement of sildenafil and its principal metabolite desmethyl sildenafil. Samples for serum NO bioavailability were obtained at start of infusion, end of infusion, 15, 30, 45 and 60 min, 2, 4, 6, 12 h after the end of bolus infusion. MABP, serum creatinine measurements and urine sampling for pharmacodynamics were performed prior to the surgery and 6, 24 and 48 h after start of treatment. Additionally, serum liver function tests and vital signs were recorded to assess safety. Adverse events were monitored up to 6 weeks post discharge.
Pharmacokinetic endpoints
The key pharmacokinetic endpoints were AUC 0-tz (area under the curve until last quantifiable concentration), AUC ∞ (AUC extrapolated to infinity using the estimated terminal half-life) and C max (maximum observed concentration) of sildenafil and desmethyl sildenafil. Additionally, standard kinetic endpoints such as total body clearance and volume of distribution were determined. All endpoints were derived using an algorithm which determines the terminal half-life using an R 2 optimization [16] . If the AUC 0-tz was <80% of AUC ∞ , the data of pharmacokinetic parameters, which depend on the estimated pharmacokinetic half-life (such as AUC ∞ ), were removed from subsequent analyses.
Pharmacodynamic endpoints
To assist with the design of any subsequent Phase II trial, we selected pharmacodynamic endpoints that could potentially be measures of the following:
• efficacy: serum creatinine measured using Siemens Advia 2400 Chemistry System (Siemens, Frimley, UK), urine neutrophil gelatinase associated lipocalin (NGAL, BioPorto ELISA, Hellerup, DK) and liver fatty acid binding protein (L-FABP, ELISA Argutusmed, Ireland); • safety: troponin (ENZO life Sciences ELISA, Exeter, UK), lactate measured on the Siemens RapidPoint 500 blood gas analyser, mean arterial blood pressure (MABP) measured via a 12Fr Vygon catheter placed in the left radial artery; and • mechanism: NO bioavailability (R&D Systems colorimetric nitric oxide assay kit, Abingdon, Oxford, UK).
Statistical considerations
The sample size for this trial was not based on a power calculation. Six patients per group was deemed adequate for a preliminary assessment of safety and pharmacokinetics of sildenafil and exploratory evaluation of pharmacodynamics. The primary analysis was the evaluation of dose proportionality of the key pharmacokinetic endpoints. This analysis was first performed separately for doses levels B: 1, 3, 5 and C: 2, 4, 6, because the latter consisted of an additional 2 h continuous infusion. Additionally, a comparison of the dose levels 2 and 3 (2.5 + 2.5 mg vs. 5.0 mg) was performed in exploratory fashion, in order to evaluate whether a combined dose proportionality analysis would be justified. The dose proportionality analyses were performed using a power model on log-transformed AUC and C max with logtransformed dose as covariate. In each of these analyses, the slope and its 90% confidence interval was determined [17, 18] . The analysis was performed separately for dose levels 1, 3, 5 and 2, 4, 6. In addition, a global model was evaluated for all dose levels, in which a global slope but separate intercepts for levels B and C were estimated. For pharmacodynamics measurements, summary measures (such as the AUC of the change from baseline, the maximum and the minimum over time) were determined and a potential relationship to increasing doses of sildenafil was explored graphically as well as using a linear model. The statistical model included the actual dose of sildenafil and the baseline value of the measurement. A potential signal for a dose dependency was assumed if P < 0.05 (exploratory significance). No multiplicity adjustment was planned because of the exploratory nature of the trial.
For all other endpoints and measurements, descriptive statistics (means + standard deviations (SD) or counts + frequencies) were derived and graphical presentations provided as appropriate.
It was also planned to perform an exploratory comparison to the pharmacokinetic endpoints previously established in healthy volunteer trials [19] [20] [21] and a population pharmacodynamics study [22, 23] .
No hypothesis was formally tested in this trial. The analysis was performed with SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). The analysis plan was finalized before the data were transferred to the trial statistician.
Results
Participants
In total, 36 patients entered the study of which 33 patients completed the trial as planned, while 3 patients (all in dose level 4) prematurely discontinued. Of these, one died during surgery (haemorrhage) and the other two were withdrawn before start of surgery (one received nitrates on the morning of surgery, the second because of cardiac arrest and stroke before start of treatment). The discontinued patients were not replaced. All patients who completed the trial were followed up for at least 35 days. Hence 34 patients were included in the safety analysis, 33 patients in all other analyses. All patients were Caucasian. The demographic characteristics, baseline and operative characteristics by dose level are presented in Table 1 . The majority of the patients were male, with a mean age of 70 years (SD 7.9) and a mean weight of 88 kg (SD 13.2). Medical history included previous cardiac catheter in 28 patients, peripheral vascular disease in 10 patients and unstable angina in 9 patients. Twenty-nine patients (81%) received concomitant anticoagulants. Twenty-five received aspirin preoperatively. Six patients had received warfarin, five patients clopidogrel and three patients heparin preoperatively.
Safety
Except for dose level 5 mg + 2.5 mg, all patients completed the trial as planned. In total, 15 adverse events were recorded in 13 patients; seven of these events were serious and with severe intensity (Table 2 ). Events which have been assessed as being related to or possibly related to the drug are seizures with severe intensity in one patient in the 2.5 mg group (possibly related), and three cases of mild hypotension in the highest dose level (related). In Group 4, two of the patient withdrawals (preoperative administration of nitrates and preoperative stroke) occurred preoperatively and were not drug related. Another patient was withdrawn following severe intraoperative haemorrhage. This was attributed to surgical trauma during redo-sternotomy and was not drug related.
Pharmacokinetics and dose proportionality
The pharmacokinetic profile was in general similar to those in previous studies with intravenous administration of sildenafil. Mean plasma concentrations for sildenafil and desmethyl sildenafil during the course of the study are shown in Figure 1 . Individual patient data for these values are shown in Figures S1 and S2 . The descriptive statistics of the key pharmacokinetic endpoints are shown in Table 3 . The comparison of exposure (AUC) between dose level 2 (2.5 + 2.5 mg) and 3 (5.0 mg) led to similar values, although no definitive conclusion of equivalence could be drawn due to the low sample size. The ratio of AUC ∞ between both dose levels was 118.4% (90% CI: 82.4-170.1%) for sildenafil and 100.7% (56.4-179.7%) for desmethyl sildenafil. The C max and AUC 0-tz of both sildenafil and desmethyl sildenafil versus dose of all patients are shown in Figure 2 on the logarithmic scale. It is noted that the C max and AUC of sildenafil following 10 mg + 2.5 mg infusion are unexpectedly lower than those of the 10 mg without infusion. As this finding is not present for the metabolite Sildenafil in cardiac surgery desmethyl sildenafil, the reason might be that the true C max of sildenafil was missed in this sample. The results of the dose proportionality analysis are shown in Figure 2 and Table S1 . The estimated slopes are consistent with previous findings (slopes in the range of 1), but their confidence intervals are too wide to rule out deviation from 
Pharmacodynamic outcomes
Results for the principal pharmacodynamics outcomes are shown in Figures 3 and 4 and Table S2 . There was no evidence of a dose-dependent change of serum creatinine or the AKI biomarker urine NGAL. There was strong exploratory evidence of a negative dose relationship of NO bioavailability whereby NO bioavailability was reduced at higher sildenafil concentrations. Further analyses indicated that peak NO bioavailability was reduced by higher doses. Examination of plots of dose vs. AUC of NO bioavailability suggests that the relationship is principally attributable to the highest dose. Without the highest dose, the dose-response was much weaker but still present. Positive dose-dependent changes were observed for serum troponin and serum lactate levels. This was of marginal statistical significance, however, and was attributable to a wider range of values at the highest dose.
Discussion
The principal finding of this Phase I study was that sildenafil was safely tolerated up to a dose of 10 mg bolus at the commencement of CPB + 2.5 mg as a 2 h infusion during CPB.
Pharmacokinetic analyses for this dose demonstrated an AUC ∞ of 537 ng h ml À1 and a t 1/2 of 10.5 h.
Strengths and limitations
This is the first clinical trial to evaluate the safety and tolerability of intraoperative sildenafil administration in cardiac surgery patients. The dose escalation design led to a gradual increase in exposure, safeguarded by an independent DSMC for each escalation step to maximize patient safety. The a Two patients were withdrawn before administration of any study treatment Figure 1 Mean plasma concentrations of (A) sildenafil and (B) desmethyl sildenafil in Groups 1-6 Table 3 Descriptive statistics of the key pharmacokinetic endpoints of sildenafil and desmethyl sildenafil (geometric means (%gCV)) Sildenafil in cardiac surgery analysis assumed that two separate escalations were performed; one with the 10 min bolus administration only, and one with a bolus followed by a 2 h infusion. This design allowed for a dedicated assessment of pharmacokinetic dose proportionality, as well as for an exploratory assessment of pharmacodynamics. The principal limitations of the study were the small sample size and the absence of randomization. This precluded any evaluation of efficacy, particularly with respect to our pharmacodynamic analyses, and for these reasons we elected to omit a placebo group. The lack of statistical power restricted our assessment of dose proportionality of pharmacokinetic outcomes due to the wide confidence intervals in each group. Differences between groups for pharmacodynamics outcomes could also have been attributable to clinical events in small numbers of patients. A final limitation was the number of patients in Group 4 (3, 50%) that did not complete the trial. Ideally the number of patients in this group should have been increased to account for these withdrawals. However, an increase in the trial sample size was not anticipated within the trial budget. These limitations notwithstanding, the trial achieved its aims. It identified a sildenafil dose that resulted in therapeutic plasma levels comparable to those known to have clinical efficacy in other clinical settings. This dose was well tolerated by cardiac surgery patients who by definition have severe symptomatic cardiovascular disease, a conventional contraindication to sildenafil use. There is remaining uncertainty as to the safety of sildenafil in cardiac surgery patients due to the small number that have received the drug, particularly at higher doses. More accurate estimates of safety and efficacy can only be achieved by an adequately powered randomized trial.
Results in relation to previous studies
The pharmacokinetics of sildenafil in our cardiac surgery cohort were similar to those reported in previous trials with intravenous and oral administration of sildenafil, when accounting for the demographic parameters. Sildenafil clearance occurs principally in the liver and reduces with age by approximately 3.7% every 10 years [23] . This has been shown to result in an increase in AUC and C max of about 80% between a group of young (30 years) and elderly (70 years) patients [21] . The absolute bioavailability of oral sildenafil is approximately 40% [19] , hence an oral dose of 25 mg could be considered similar to an intravenous dose of 10 mg. In a group of young subjects, 25 mg of oral sildenafil led to an AUC ∞ of 361 ng h ml À1 [19] . When adjusted for the mean age in the current trial, we estimate that this AUC would be about 650 ng h ml À1 for 10 mg intravenous sildenafil. This is only slightly higher than the calculated AUC observed in the 10 mg group in the current study; 568.3 ng h ml À1 . Using similar assumptions, based on published data [19, 21, 23] , we also estimated that the clearance of 10 mg of intravenous sildenafil in an elderly population would be 22. In addition, the estimated slopes in the dose proportionality analysis using a power model were relatively close to unity, as has been observed in previous studies. The global model, including all six dose levels, accounted for different intercepts, as in particular C max of sildenafil was expected to be smaller when parts of the infusion lasted 2 h. For the AUCs of sildenafil and desmethyl sildenafil, there was virtually no difference in the estimated intercepts between the two subgroups ( Figure 1 ). Given the consistency between our results and those from previous published studies, we conclude that there appears to be only little impact of the medical status of the patients in cardiac surgery and of the surgery itself on the pharmacokinetic profile of sildenafil.
Our results indicate that intravenous sildenafil 10 mg bolus + 2.5 mg as a 2 h infusion is a safe and potentially clinically effective dose for evaluation in later trials. This dose Figure 4 Selected pharmacodynamics outcomes. Presentation as in Figure 3 achieved AUC similar to an oral dose of 25 mg, a clinically effective dose for patients with pulmonary hypertension [11] . Furthermore, peak plasma levels at this dose were associated with transient hypotension in three patients, indicative of a direct and rapid onset of effect on endothelial function. In each case hypotension was mild, transient and responsive to short-acting alpha adrenergic agonists. However, to minimize the risk of haemodynamic instability in future studies, we will administer the initial bolus over 20 min to reduce peak values. These were the only adverse events related to drug administration, and suggest that the drug was generally well tolerated. The half-life for sildenafil at the 10 mg + 2.5 mg dose was 7.8 h. For the active metabolite desmethyl sildenafil t 1/2 is 10.5 h. This rapid offset of action may be important. AKI in the swine model CPB is associated with an initial acute decline in NO bioavailability at 1.5 h post-surgery, followed by a rebound increase to supra-normal values at 24 h. The changes correspond with both the loss of endothelial endogenous nitric oxide synthase (eNOS) expression combined with later increased expression of inducible nitric oxide synthase (iNOS) in injured renal tubules [13, 14] . In swine, intravenous administration of 10 mg sildenafil at the commencement of CPB prevents AKI by preserving eNOS expression and increasing NO bioavailability immediately post-surgery [14] . In a biphasic manner, sildenafil also inhibits the subsequent expression of iNOS, and attenuates later supra-normal values of NO [14] . Our exploratory pharmacodynamic analyses also suggest a stabilizing effect of sildenafil on NO bioavailability. As with the porcine model, we observed an acute reduction in NO bioavailability in the immediate postoperative period with later increases after 24 h. Dose proportionality suggested that the late rise in NO bioavailability was reduced at higher sildenafil doses.
However, it is important not to over-interpret these results. We did not adjust for multiple comparisons, the sample size was low, and patients were not randomized. Similar limitations apply to our evaluation of kidney injury (creatinine, NGAL); here, mean baseline AKI risk scores ranged from 19.7% to 33.5%, as well as our analyses of troponin and lactate, where findings of potential dose-dependent changes were attributable to a small number of patients with high values at the largest dose, and P-values indicated only marginal statistical significance. The best way to address uncertainty as to the efficacy and safety of sildenafil is to conduct a randomized trial. We propose to evaluate sildenafil at a dose of 10 mg bolus + 2.5 mg as a 2 h infusion for the prevention of AKI in cardiac surgery patients in the REVAKI-2 trial (ISRCTN18386427). 
